ABSTRACT Anoplophora glabripennis Motschulsky, an Asian cerambicid beetle, was Þrst found in the United States in 1996 and was likely introduced into the United States through infested wood packing materials and dunnage. Methyl bromide (MeBr) fumigation is an internationally accepted treatment for such wood-boring beetles, but the use of MeBr is scheduled for reduction or elimination as alternatives become available. The use of MeBr can be reduced by more efÞcient and technically sound fumigation techniques, including good circulation and proper loading. Concentration ϫ time products (CxT) reported for A. glabripennis in solid wood timbers were used to test estimated doses in container fumigations conducted in Tianjin and Shanghai, China, during years 2002Ð2003. We found that CxT products observed were generally adequate and would support reduced doses of MeBr at temperatures intermediate (10.0 and 15.6ЊC) to the Animal and Plant Health Inspection Service schedule of 80 g and 48 g/m 3 at Ն4.4 and Ն21.1ЊC, respectively. The use of fans is recommended, and loading of the containers should never reach 100% to allow for better circulation and desorption. Proper use of fans will allow for better aeration and increase safety to inspectors and consignees of containerized fumigated commodities.
Although methyl bromide (MeBr) is largely due to be phased out to comply with the Montreal Protocol, critical use exemptions are granted where a practical alternative does not yet exist (Anon. 1998) Such is the case with regulated wood packing materials (RWPM) infested by Anoplophora glabripennis Motschulsky (Coleoptera: Cerambycidae). A. glabripennis is native to western China (Gansu Province) and Korea (Lingafelter and Hoebeke 2002) and was probably introduced into the United States in the 1980s with containerized RWPM. It was Þrst found in the United States in 1996 (Haack et al. 1996 , Cavey et al. 1998 . A. glabripennis is one of the most damaging pests of Populus spp. trees in China (Li and Wu 1993) . Adult A. glabripennis damage trees by feeding on young twigs. Larvae damage trees by feeding on the cambium layer of the host tree (ÞrstÐthird instars) and the interior xylem (later instars) (Wang et al. 2000) .
The Animal and Plant Health Inspection ServiceÐ Plant Protection and Quarantine (APHISÐPPQ) has in place schedules (Schedule T-404-b-1-1 and T-404-b-1-2, NAP and vacuum fumigation, respectively) for the MeBr fumigation of durable goods with RWPM, in containers and under tarpaulin, for control of wood-boring insects (Anon. 2004) . However, the schedules require the same dose at 10.0 and 15.6ЊC as is required at 4.4ЊC (80 g/m 3 ). Lower doses at the higher temperatures logically should be effective. For example, Barak et al. (2005) reported MeBr concentration ϫ time (CxT) products that are suitable for fumigating RWPM in shipping containers to control A. glabripennis. The CxTs were for 1196, 919, 642, and 362 g-h/m 3 at 4.4, 10.0, 15.6, and 21.1ЊC, respectively. International scientists concerned with current fumigation practices are in the process of developing new doses for MeBr fumigation to support International Plant Protection Congress (IPPC) Rule 15 (Anon. 2002) . Although doses are recommended based on supporting data, the doses need to be validated in actual container tests to determine whether the estimated required CxT product is obtained with all RWPM fumigations. Furthermore, This article reports the result of research only. Mention of a proprietary product does not constitute and endorsement or a recommendation by the USDA for its use.
worker safety is an issue, and aeration must be adequate to ensure the safety of ofÞcial inspectors and consignees of fumigated goods will not be compromised. We report here the result of a project that conÞrms the ability of current fumigators in two Chinese ports to conduct successful fumigations which will achieve success by reaching previously determined CxT products necessary for control of A. glabripennis in RWPM. Data reported here will further enable regulators to establish approved doses and minimum concentrations for acceptable fumigations.
Materials and Methods
In the port of Tianjin, China, during 2002, we worked with a local fumigation company to monitor the fumigant concentrations of 48 sea-land containers fumigated on the ground with MeBr at a dose of 80 g/m 3 for 24 h, the dose estimated by us to be required to achieve probit-9 (99.99683%) control at temperatures of 4.4 Ð10.0ЊC. Fumigations were conducted between 8 and 20 March 2002 when temperatures were suitable for cool temperature fumigations (between 4.4 and 9.9ЊC). All containers were loaded at the port with various durable goods packed with RWPM. Fumigations were conducted in a manner as was the custom of the fumigator. No containers were covered by a tarpaulin. A hot water volatilizer was used to inject the MeBr gas into each container. A fan (household oscillating fan) was installed in some of the containers. Gas was injected by means of a probe inserted through the top gasket where the two doors met. We also inserted six 10-cm by 10-cm by 1.15-mlong timbers infested with A. glabripennis larvae at three locations within each of 10 containers; these timbers were evaluated 1 wk postfumigation. The volumetric load factor and the use or nonuse of fans were recorded. Fumigant concentrations were monitored after 0.5, 2, 4, 8, and 24 h by the use of the XK-III thermal conductivity meter (CPQ Technology Company, Animal and Plant Quarantine Institute, Beijing, PeopleÕs Republic of China), which was functionally similar to the American-made Fumiscope (Key Chemical and Equipment Company, Clearwater, FL). Three sample leads were placed in each container and were located at the front near the top, the center near the middle of the load, and at the door near the ßoor. The CxT products achieved in each container were calculated in two ways, based on the average of three readings and the sample lead with the lowest reading. The applied dose was considered the starting concentration for the purpose of CxT calculation. The differences in MeBr concentration between the high and low readings were calculated at each sample time for each container. After fumigation and subsequent aeration for up to 24 h, the containers were resealed. After one additional hour, the MeBr concentration was measured using a Dräger (Dräger Safety, Luebeck, Germany) colorimetric sample tube (0.5Ð30 or 5Ð 50 ppm).
During 2003 at the port of Shanghai, China, we monitored fumigant concentrations in 574 containers fumigated at or above 4.4, 10.0, 15.6, and 21.1ЊC at doses of 80, 64, 56, and 48 g/m 3 MeBr, respectively, for 24 h in a manner similar to that described above, except that no infested timbers were added. Fumigations were conducted at various times of the year to allow for a range of commodity and wood temperatures. Gaskets and vents were sealed with two layers of paper tape and wheat gluten glue. The bill of lading and carrier vessel for each container were forwarded to the PPQ OfÞce in Long Beach, CA, so that the containers could be located and sampled for MeBr residues. In total, 134 containers were located and sampled for MeBr with a Dräger colorimetric tube before being opened and inspected. Reported concentrations of Ͻ5 ppm or less were only considered as Ͻ5 ppm, because Ͻ5 ppm is considered safe for release or entry (Anon. 2004 ) by the USDA and APHIS and because inspectors did not record MeBr ppm Ͻ5 ppm to the nearest parts per million by error. Results were analyzed and plotted using Microsoft Excel (Anon. 2000) and Statistix 8 (Anon. 2003) software programs. Because of the observed unbalanced non-normal distribution of concentration differentials, the nonparametric KruskalÐWallis analysis of variance with pairwise comparison was used to analyze these data. The CxT products were calculated in the manner described above.
There were only 45 containers with fans, and fan use data were pooled across doses. For all data analysis, eight containers with Ͻ25% load factor were not included.
The minimum recorded periodic MeBr readings were calculated as a percentage of the applied dose for each time and temperature. These values were averaged over all time periods to obtain a recommended minimum concentration for a given dose and time (Table 4 ). The resultant Þgures were used to compute CxT products, which are also shown in Table 4 .
Results and Discussion
With containers fumigated at Tianjin during 2002, the CxT products achieved are shown in Fig. 1 . All fumigations except two had CxT products above the required dose of 1196 g-h/m 3 (avg. 1635, SE 63.93, minimum 1,163). However, Fig. 2 shows large differences between the high and low sample concentrations monitored 0.5 h after introduction of the MeBr. These large differences still persisted at 2 and 4 h and throughout the fumigation, although they were reduced in the Þnal hours. Figure 3 shows the cumulative average CxT product (and 0.95 CI) as well as the minimum measured CxT at a sample point. The estimated required probit-9 CxT was not reached after 16 h, and the minimum CxT observed was adequate only after 24 h. The low minimum CxT and concentration differences within the container at 4.4 Ð10.0ЊC were probably the result of several factors, including lack of adequate circulation, insufÞcient fan operation when present, gas introduction techniques, and overloading.
The CxT products obtained with four doses during 2003 fumigations are shown in Fig. 4 , illustrating the wide range of CxT products obtained. Large differ- ences between high and low MeBr concentrations existed within a container (Fig. 5) , and large differences persisted throughout the 24-h fumigation (Fig.  6) . This was the result of insufÞcient or no fan circulation. Another contributing factor to the wide range and low minimum CxT was the overloading (to 100% capacity) of at least 167 of the containers. The data in Table 1 show the detrimental effect of lack of fan circulation on the differential MeBr concentration within a container. SigniÞcant concentration differences still existed through at least 4 h. In Table 2 , it is seen that load factor was an important factor, for which containers with higher load factors had higher differentials compared with the lesser load factors, as would be expected. Figure 7 shows the cumulative CxT product obtained and the minimum measured CxT in relation to time and the required probit-9 CxT product. To achieve the requisite CxT, the fumigation time must be extended to 24 h, not 16 h as is stated in the APHIS Schedule T-404-b-1-1. Furthermore, the required CxT must be obtained in all parts of a container, which is difÞcult to achieve without consistent fan use and gas introduction. It is recommended (USDA 2004) that gas introduction lines be attached to or over a circulation fan to improve distribution of the fumigant. Rajendran (2004) , in an excellent review of container fumigation, suggests that gas be delivered through a perforated polyvinyl chloride pipe to improve distribution if fans are not used. Rajendran (2004) further cites the need for tarpaulin fumigation of containers that do not pass some kind of a pressure test.
After the fumigated containers were aerated for up to 24 h and resealed for 1 h, high concentrations of MeBr developed because of desorption of MeBr and probably the short period of passive aeration and frequent failure to use fans during aeration (Table 3 ). Figure 8 shows the parts per million of MeBr recorded by Dräger tube after this time. After arrival in the U.S. port in Long Beach, readings Ͼ5 ppm were found in 6% (eight of 134) containers (mean 15.13, SE 5.22, range 6 Ð50 ppm). Exposure to concentrations of Ն5 ppm is considered hazardous for humans. Aeration after fumigation should be improved, and entry into a fumigated container should be delayed until the atmospheric residue has fallen to Ͻ5 ppm.
The data from our fumigations were used as a basis for the recommendations in Table 4 . Because these values are based on minimum readings observed in actual fumigations, these minimums should be easily exceeded with proper technique and in containers of acceptable condition. We further suggest that the 8-h reading be eliminated as unnecessary, because any leakage or excessive sorption will be evident by 4 h, at which time any necessary fumigant adjustments can be made. The target CxT values calculated here were based on minimum recommended readings and would be slightly lower than reported by Barak et al. (2005) at 4.4 and 10.0ЊC (1,087 compared with 1,196 and 871 compared with 919 g-h/m 3 , respectively). However, Concentrations were measured after 0.5, 2.0, and 4.0 h. Fan operation was discontinued after 0.5 h. Concentrations were measured after 0.5, 2.0, and 4.0 h. All readings in grams per cubic meter. Large max differentials persisted even after 4 h, increasing with load factor. a MeBr differentials followed by same letter were not signiÞcantly different at 0.95 level using KruskalÐWallis nonparametric pairwise comparisons.
these slightly lower doses were 100% effective in conÞrmation tests conducted previously (Barak et al. 2005 ). Slightly lower CxTs should not be an issue, because probit-9 mortality is exceedingly high and arguably need not be rigidly applied to species that are not abundant. Follett and McQuate (2001) suggest that the probit-9 approach centers on heavily infested commodities and may not be required in all cases, especially when commodities are relatively lightly infested or the host is of poor quality (wood compared with fresh produce). Furthermore, because a required CxT must be achieved at the low end of a prescribed temperatureÐ dose range, the majority of fumigations are likely to take place above the low temperature limit within the given range, even approaching the temperature allowing the next lower dose and required CxT.
The adoption of intermediate doses will allow for important reductions in the use of MeBr for container fumigation. If the APHIS treatment at 10.0ЊC is reduced from 80 to 64 g/m 3 , the reduction will amount to Ϸ453.6 MT per million containers fumigated. Likewise, at 15.6ЊC, with a reduction from 80 to 56 g/m 3 , the reduction in MeBr use will be 680.4 MT per million containers fumigated. This can be accomplished by adopting a schedule based on the results of these apparently successful container fumigations.
The data presented here, therefore, should be considered as supporting the efÞcacy of MeBr container fumigation at doses recommended by the IPPC Rule 15 for containers with RWPM (64, 56, and 48 g/m 3 at 10.0, 16.0, and 21.0ЊC, respectively). These data as well as those of Barak et al. (2005) support the container fumigation of RWPM for A. glabripennis at 4.4ЊC at a dose of 80 g/m 3 for 24 h.
